Phonon Transport in Suspended Single Layer Graphene 
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We report the first temperature dependent phonon transport measurements in suspended Cu- 
CVD single layer graphene (SLG) from 15K to 380K using microfabricated suspended devices. The 
thermal conductance per unit cross section a/ A increases with temperature and exhibits a peak near 
T ^ 280K (±10K) due to the Umklapp process. At low temperatures (T<140K), the temperature 
dependent thermal conductivity scales as ^T^"^, suggesting that the main contribution to thermal 
conductance arises from flexural acoustic (ZA) phonons in suspended SLG. The a/ A reaches a 
high value of 1.7x10^ T^"^ W/m^K, which is approaching the expected ballistic phonon thermal 
conductance for two-dimensional graphene sheets. Our results not only clarify the ambiguity in 
the thermal conductance, but also demonstrate the potential of Cu-CVD graphene for heat related 
applications. 



PACS numbers: 65.80. Ck, 63.22.Rc, 81.05.ue, 81.07.-b 

Heat conduction in low-dimensional systems has been 
extensively studied in past decades because of its im- 
portance in understanding the microscopic mechanism 
of thermal transport phenomena, and its potential ap- 
plications in manipulating and controlling heat flow [1 . 
Although significant progress has been made for one- 
dimensional systems [1 , the study of heat conduction in 
two-dimensional (2D) systems is still in its infancy due to 
the lack of proper materials. The discovery of graphene 
has changed this scenario [21 |3]. It not only provides 
us with an ideal platform for thermal transport studies 
in 2D systems, but also opens the door for many novel 
heat related applications [4 . However, difficulties in in- 
tegrating graphene sheets with device structures needed 
for measuring intrinsic thermal properties have resulted 
in experiments which only offer partial answers. Pio- 
neering Raman based measurements at room tempera- 
ture have indicated exceptional high thermal conductiv- 
ity in graphene [SHJ], far exceeding that of diamond [8 
and carbon nanotubes 0^]. However, recent measure- 
ments have shown that these values can easily vary by 
one order of magnitude from 600 W/mK to 5300 W/mK 
[5l [m [12] . Efforts to develop traditional suspended mi- 
crofabricated heater wires have been only successful by 
compromising on the Si02 substrate, resulting in signifi- 
cant phonon leakage into the substrate and strong inter- 
facial scattering between graphene and the underlying 



substrate [T3]. Therefore, the temperature dependent 
thermal conductivity f^{T) needs to be investigated in 
suspended graphene. This will be the key in understand- 
ing the 2D nature of phonons in graphene and is crucial 
in identifying which phonon branch dominating the heat 
conduction. 

In this Letter, we present the first temperature depen- 
dent thermal transport measurements in a suspended sin- 
gle layer graphene (SLG) sheet in the temperature range 
from 15K to 380K. Our approach takes advantage of the 
recent progress in wafer-scale graphene growth by the 
Cu-based chemical vapor deposition (Cu-CVD) method 
[HI ITS]. The thermal conductivity follows a T^-^ power 
law, demonstrating that most of the heat in free standing 
graphene is carried by flexural acoustic (ZA) phonons. 
At room temperature, the thermal conductance per unit 
cross section a/ A in Cu-CVD graphene reaches a high 
value of 3.8x10^ W/m^K. Below 140K, this high value is 
found to be approaching the theoretical ballistic limit in 
graphene sheets [161 Hi] • 

We employed typical prepatterned suspended heater 
wires to measure the thermal conductance and thermal 
power in suspended single layer graphene. Similar meth- 
ods have been used to study thermal transport in carbon 
nanotubes [9lfl8 and nanowire [I^. The structures were 
fabricated on silicon nitride (SiNa^)/Si multilayer wafers 
and the fabrication details have already been discussed 
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FIG. 1: (a)Microdevice array after CVD graphene transfer 
and before suspension. Only a 3x4 array section is shown, 
scale bar is 1mm. (b) False-color SEM image in the center 
of the suspended device. The red and blue Pt coils are the 
heater (R^) and sensor (Rs), respectively. They are thermally 
connected by suspended graphene (grey rectangle in the mid- 
dle). The inner four Pt electrodes are connected to graphene, 
but electrically isolated from Pt coils. The scale bar is 5/im. 
(c) Schematics of a graphene sheet clamped between Cr/Au 
(yellow) and Pt electrodes (blue and red) on SiN^c membranes 
(green). Lateral dimensions are not to scale, (d) Quantum 
Hall effect at T=2K, B=9T and (e) Raman spectrum of the 
same batch of graphene transferred on regular Si/Si02 wafers. 



by Shi et al. [20]. The transfer of exfoliated graphene 
onto such fragile structures is difficult and remains very 
challenging. Fortunately, the recent progress in Cu-CVD 
graphene allows us to overcome many of these challenges 
by the sheer number of available junctions on a single 
chip. The growth of SLG by Cu-CVD method is de- 
scribed elsewhere in detail [15 . The outstanding elec- 
tronic properties and sub- 100 micrometers grain size [2T1 
suggest that the physical properties of Cu-CVD graphene 
are comparable to that of exfoliated graphene. Graphene 
films were transferred onto these prepatterned structures 
before suspending them (Figure la) [22]. They were then 
patterned into micrometer-size rectangular structures by 
standard e-beam lithography, followed by an O2 plasma. 
In a second lithography step, 30nm Cr/Au bars were de- 
posited on both ends of graphene to ensure good thermal 
contact with the Pt electrodes underneath graphene (Fig- 
ure Ic). These Cr/Au bars also securely clamp graphene 
onto the Pt electrodes during the subsequent fabricating 
steps. After suspending graphene by etching in KOH, the 



FIG. 2: Thermal conductivity n versus temperature. Inset: 
thermal conductivity at low temperatures; the data can be 
fitted by /^=bT^, where b is the fitting parameter and n is 
found to be 1.53(it:0.18). 



devices were dried using a critical point dryer to avoid 
damage due to surface tension. 

The scanning electron microscope image of a typical 
microfabricated device is shown in Figure lb. The sus- 
pended device consists of two 25x20 /im^ S'lN^ mem- 
branes, each of which is supported by six 400/im-long, 
0.3/im-thick and 1.5/im-wide suspended SiN^^ beams. A 
60nm-thick platinum resistor coil is deposited on top of 
each SiNx membrane. Since the resistance of the Pt re- 
sistors changes with temperature, they can serve as both 
heater (Rh) and temperature sensor (Rs)- The suspended 
graphene (grey sheet in the middle of Figure lb) bridges 
the two SiNx membranes and is electrically isolated from 
the Pt coils. In total, three samples from two separate 
Cu-CVD growth runs have been measured. Here we dis- 
cuss representative data based on one graphene sheet, 
which is patterned to a width of 3/im and a suspended 
length of 500nm. Since there is no back gate for such 
suspended graphene samples (etch depth^200/im), we 
could neither vary the carrier density nor calculate the 
mobility. However, this is not a severe limitation in our 
measurements due to the following reasons: a) thermal 
conductance in graphene is weakly dependent on carrier 
density; b) we can set the Fermi level near Dirac point 
by in-situ annealing in vacuum [23 ; c) the sample qual- 
ity can be investigated by characterizing the same batch 
of graphene on Si02. The measured mobility is approx- 
imately 7700cm~^/Vs at T=2K, which is comparable to 
that in exfoliated graphene. The half-integer quantum 
Hall measurements at T=2K and B=9T (Figure Id) and 
Raman measurements (Figure le) also indicate high qual- 
ity of our graphene samples. 

We now turn to the experimental results and discuss 
first the temperature dependent thermal conductivity 
K,{T). Figure 2 shows the thermal conductivity hi in the 
temperature range from 15K to 380K of the suspended 
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sample Gl. is extracted from /^=crL/A, where L is the 
sample length, A is the cross section area of graphene 
and (T is the measured thermal conductance of graphene 
[22 . The observed n increases by two orders of magni- 
tude as the temperature increases, reaches a maximum of 
190 W/mK at T -280K(±10K) and decreases at higher 
temperature. The most important result is the low tem- 
perature behavior of n. The inset of Figure 2 shows that 
n can be fitted by n =bT^. Here, b is the fitting param- 
eter and n is found to be 1.53(±0.18). Theoretical work 
has predicted that the thermal conductivity in graphene 
yields a power law of r^T^ ^ where n varies from 1 for 
one-dimensional nanoribbons to 1.5 for two-dimensional 
graphene sheets [17 . It is worth noting that this T^-^ 
power law at low temperatures was not observed in sup- 
ported graphene [13 . Our measurements of the T^-^ law 
directly reveals for the first time unambiguously intrinsic 
phonon transport in graphene sheets. 

We shall now interpret the physics behind the observed 
n(T). The acoustic vibrations in 2D graphene lattice are 
composed of two types of phonons: in-plane phonons (TA 
and LA phonons) with linear dispersion, and out-of-plane 
phonons (ZA phonons or flexural acoustic phonons) with 
quadratic dispersion. It was proposed that only in-plane 
acoustic phonons carry heat in graphene and the contri- 
bution from out-of-plane phonons can be neglected [24^ . 
This arises from the fact that the group velocity of ZA 
phonons is approaching zero for wave vector, q^O. How- 
ever, Mingo et al. have argued that the ZA phonons carry 
most of the heat in SLG [25 . This is due to the large 
density of modes for ZA phonons resulting from their 
quadratic dispersion. At low temperatures, the in-plane 
LA and TA modes would introduce a contribution 
to the thermal conductivity, while the contribution from 
ZA mode scales as -T^-^ [MIlT]. The observed -T^-^ 
behavior therefore proves that the thermal conductivity 
in suspended SLG mainly arises from ZA phonons. 

Interestingly, even before the first exfoliation of 
graphene, Klemens [26] had predicted that low-frequency 
phonon leakage into the substrate will reduce thermal 
conductivity by 20% to 50%. Therefore, the measured 
/^(T) in this work is much closer to the intrinsic phonon 
transport than that measured in supported graphene. 
The observed T^-^ behavior is different from that of sup- 
ported graphene and suggests that ZA phonons carry 
most of the heat in suspended SLG. Theoretical calcu- 
lations also show that ZA phonons contribute more than 
75% to n in suspended graphene below room tempereture 
[25] . which is consistent with our results. The same power 
law is also observed in samples with much inferior quality, 
suggesting that this T^-^ behavior is not strongly depen- 
dent on the quality of the samples and may be intrinsic 
to phonon transport in 2D systems (See Supplementary 
Information) . 

As the temperature increases further, the strong 
phonon-phonon Umklapp scattering becomes more effec- 
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FIG. 3: Thermal conductance per unit cross section cr/A 
of sample Gl as a function of temperature (solid circles). 
The data can be fitted by 1.7xl0^r^-^^ W/m^K (red dashed 
curve). The measured data is approaching the expected bal- 
listic limit in graphene sheets (blue dashed curve). Inset: the 
temperature and resistance changes in the heater resistor R/^ 
and sensor resistor Rs as a function of applied Joule heat, the 
red lines are guides to the eye. 



tive and dominates the thermal conductivity due to ther- 
mally excited higher energy phonons. It leads to a de- 
viation from the ~T^-^ law and a maximum in thermal 
conductivity around ~280K (±10K), followed by a de- 
crease with a further increase of temperature. This peak 
in thermal conductivity near room temperature is con- 
sistent with experimental reports in supported graphene 
[13, 27 and carbon nanotubes [9 . At low tempera- 
tures where the phonon-phonon Umklapp scattering is 
suppressed, phonon transport will approach the ballistic 
limit if the graphene sheet is clean enough. 

Next, we discuss the thermal conductance per unit 
cross section a/ A as a function of temperature. At 
room temperature cr/A is 3.8x10^ W/m^K (Figure 3). 
This value is comparable to the values observed in sus- 
pended exfoliated SLG samples based on Raman mea- 
surements (3-5x10^ W/m^K) [3 [7]. The high quality of 
CVD graphene is further confirmed by the temperature 
dependence of a/ A. It decreases by a factor of 100 to 
approximately 4.5x10^ W/m^K at 15 K. Such a steep 
decrease has not been observed previously, but more in- 
terestingly, the data at low temperatures can be fitted 
with 1.7xlO^T^-^3 W/m^K. This is shown as the dashed 
red curve in Figure 3 and has important implications for 
the nature of phonon transport. Mingo and Brodio pro- 
posed that for ballistic phonon transport, a/ A follows 
GxlO^T^-^ W/m^K [16 , as shown by the blue dashed 
curve in the same figure. The experimentally observed 
value is close to 30% of the predicted ballistic thermal 
conductance for graphene. From this we conclude that 
in our sample with a channel length of 500nm phonon 
transport approaches the ballistic limit. It is important 
to note that even in multiwalled CNT, the experimentally 
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FIG. 4: The measured thermoelectric power (sohd circles) and 
a linear fit (red curve) for T <180K. Inset: the thermoelectric 
voltage as a function of applied Joule heat, the red dashed line 
is a guide to the eye. 

observed cr/A reached at most 40% of the ballistic limit 
in graphite [16] . Deviation from ballistic transport in 
our experiment is most likely caused by scattering from 
PMMA residues, CVD graphene specific organic contam- 
ination, ripples and CVD graphene specific defects [28] 
such as wrinkles. However, even in the absence of de- 
fects and contamination, two additional source remain: 
a) scattering from naturally existing 1.1% ^^C isotopic 
impurities [29] and b) scattering from the boundaries be- 
tween the suspended area and the supported areas on top 
of the contacts. 

Last but not least, we discuss the thermoelectric power 
(TEP) of suspended graphene samples. Shown in the in- 
set of Figure 4 is the linear thermoelectric voltage as a 
function of Joule heat in R/^ (blue curve). Since TEP 
and its temperature dependence vary sharply across the 
Dirac point and we do not have a gate control, a direct 
comparison with supported samples is difficult. At room 
temperature the observed value is +9 /iV/K, suggesting 
a hole-like majority carrier. The linear fit (red curve 
in Figure 4) to our data can be extrapolated to zero 
at T=OK. Similar to TEP measurements in supported 
graphene [30 , this confirms the absence of phonon drag 
in suspended CVD SLG. 

In conclusion we have measured phonon transport in 
suspended graphene as a function of temperature from 
380 K down to 15K. We have taken advantage of the 
recent progress in Cu based CVD graphene and observed 
a T^-^ power in these samples. Our results clearly show 
that the thermal conductance is strongly dominated by 
ZA phonons. At low temperatures phonon transport is 
approaching the ballistic limit, demonstrating the high 
quality of CVD graphene samples also in the context of 
heat transport. 
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